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ABSTRACT The distal part of the tetrapod limb, the autopod, is characterized by the presence of
digits. The digits display a wide diversity of shapes and number reflecting selection pressure for
functional adaptation. Despite extensive study, the different aspects of digit patterning, as well as
the factors and mechanisms involved are not completely understood. Here, we review the evidence
implicating Hox proteins in digit patterning and the interaction between Hox genes and the Sonic
hedgehog/Gli3 pathway, the other major regulator of digit number and identity. Currently, it is
well accepted that a self-organizing Turing-type mechanism underlies digit patterning, this being
understood as the establishment of an iterative arrangement of digit/interdigit in the hand plate.
We also discuss the involvement of 5° Hox genes in regulating digit spacing in the digital plate and
therefore the number of digits formed in this self-organizing system.
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Introduction

The basic plan of the tetrapod limb includes three distinct
proximo-distal (PD) segments: the stylopod (arm), the zeugopod
(forearm) and the autopod (hand/foot). The stylopod and the zeu-
gopod contain one and two skeletal elements respectively and are
highly conserved across species. In contrast, the distal segment
or autopod, which contains the multiple skeletal elements of the
hand or foot including the digits, shows considerable evolutionary
variation reflecting the adaptation of the limb to such diverse uses
as running, swimming or flying among others.

Itis normally accepted that pentadactyly is the basal digit formula
in tetrapods. Although the primitive tetrapods were polydactylous,
the pentadactyl state was soon stabilized anditis considered that all
extanttetrapods are descendants of an ancestor with a pentadactyl
limb (Clack, 2002, Coates and Clack, 1990, Coates et al., 2002).
The fact that the wide range of limb adaptations across species,
when impacting digit number, always carries digit loss and that
there is no species living today with more than 5 digits, led to the
idea of the “pentadactyl constraint” meaning that the number of
digits is limited to a maximum of five (Coates et al., 2002, Saxena
et al., 2017). However, the recent reevaluation of the pre-hallux
of amphibian hindlimbs as a sixth digit (Hayashi et al., 2015) to-
gether with the reinterpretation of Ichthyostega anterior digits as
deriving from anterior condensations (Mednikov, 2014), suggest
that the pentadactylism may need to be reevaluated (Woltering

and Meyer, 2015).

The digits are crucial elements for the function of the limb. They
can be viewed as serial identical structures arranged along the
antero-posterior (AP) axis of the autopod, thumb to little finger, or
they can be viewed as distinct structures each one having its own
independent and distinguishable identity. Therefore, the concept of
“digit patterning” can be understood in different ways ranging from
the basic iterative differentiation between digit and interdigit, to the
specific digit formula (number of digits) and even to the specific
digit morphologies (identities). The identity of the digits mainly
relies on their phalangeal count. Based on the fossil record, the
typical phalangeal count of the ancestral autopod is considered to
be, from digit 1 to digit 5, 2-3-4-5-3 in the forelimb and 2-3-4-5-4 in
the hindlimb (Smithson et al., 1993). In the synapsid lineages the
phalangeal count evolved to the more familiar 2-3-3-3-3, as the
mouse and human hand, with the most anterior digit, the thumb,
having two phalanges and the rest of the digits having three.

Because of their functional relevance and evolutionary variability,
the mechanisms and models by which the digits are specified and
shaped in the autopod have been and still are subject of intense
investigation and debate. This review exposes the different ways
in which digit patterning can be understood and analyzes and

Abbreviations used in this paper: AP, antero-posterior; PD, proximo-distal; ZPA, zone
of polarizing activity.
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Fig. 1. Early morphological and molecular
evidence of digit formation. (A) Dorsal
viewofafresh E12.5 mouse embryo autopod
in which the digits and interdigits are readily
distinguishable. (B) The expression of Sox9,
a key regulator of chondrocyte differentia-
tion, envisages the pattern one day earlier.
(C) Terminal deoxynucleotidyl transferase-
mediated deoxyuridinetriphosphate nick-end
labeling (TUNEL) assay in a 13.5 dpc mouse
forelimb showing interdigital cell death.

discusses the factors and mechanisms controlling this process.
Our goal is to present recent progress in this area with a special
emphasis on the role played by Hox genes.

The formation of the autopod and of the digits

During limb development the three PD segments are specified
progressively from the shoulder to digit tips under the influence
of a specialized band of ectoderm riming the apex of the growing
limb bud called the Apical Ectodermal Ridge (AER). The AER is
a crucial signaling center for limb development that provides the
signals needed for the survival, proliferation and specific gene
expression of the limb progenitor cells (Fernandez-Teran and Ros,
2008). Fgf signaling is the main, if not the only one, AER signal
(Mariani etal.,2017). AER cells secrete a battery of Fgfs, collectively
called AER-Fdfs, of which the primary one is Fgf8 (Lewandoski
et al., 2000, Mariani et al., 2008, Martin, 1998, Sun et al., 2002).
The preponderant role of Fgf8 among other AER-Fgfs is due to
its unique pattern and level of expression rather than to specific
signaling properties (Boulet et al., 2004, Lewandoski et al., 2000,
Lu et al., 2006, Mariani et al., 2008, Moon and Capecchi, 2000,
Sun et al., 2002). Under the influence of Fgf signaling, the distal
limb progenitor cells progressively transit through the specifica-
tion states corresponding to the stylopod, the zeugopod and the
autopod (Saiz-Lopez et al., 2015, Sato et al., 2007, Vargesson et
al., 1997). There are good markers for each of the limb segments:
Meis1 and Meis2 for the stylopod, Hoxa11 for the zeugopod and
Hoxa13 for the autopod, but there is some discussion on whether
they are necessary for the specification of the corresponding seg-
ment and whether they can be considered as master genes for that
segment (Tabin and Wolpert, 2007). It is currently accepted that
signaling from the embryonic trunk and from the AER are conjointly
necessary to specify the stylopod (Cooper et al., 2011, Rosello-
Diez et al., 2011). In contrast, the specification of the two distal
segments depends on an intrinsic program of the limb progenitors
that is activated when, due to the growth of the bud, they become
free of proximal influence (Rosello-Diez et al., 2014, Saiz-Lopez et
al., 2015). This intrinsic program is controlled by an autonomous
timer and includes, at least, the switch from a proximal to a distal
mode of Hoxgene expression, deceleration of proliferation rate and
changesincelladhesion properties (Andrey et al., 2013, Saiz-Lopez
et al.,, 2015, Saiz-Lopez et al., 2017, Woltering et al., 2014). This
results in the differentiation of an intermediate cylindrical-shaped
segment, the zeugopod, and a distal paddle-shaped segment, the
autopod. The initiation and dynamic expression of Hoxa13 marks
the progressive specification of the autopod (Tamura et al., 2008).

Once the autopod forms, the first morphological evidence of a
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digit is an elongated longitudinal thickening, similar to a rod in a
hand-fan (Fig. 1). The thickening corresponds to the chondrogenic
condensation that contrasts sharply with the flattened flanking
interdigital areas. The fate of the cells in these two regions is abso-
lutely different, while the interdigital cells die by apoptosis, the cells
in the condensations become chondrogenic, grow and segment
to form the metacarpal/metatarsal and phalanges of each of the
digital rays (Montero and Hurle, 2007). Before the digit thickening
is evident, the pattern of expression of Sox9, a critical regulator
of chondrogenesis, prefigures the pattern (Boehm et al., 2011).

The digit primordia emerge in sequence rather than simultane-
ously and their number and distribution in the handplate seem to
be fixed before their identity, which remains labile until much later
stages of development (Dahn and Fallon, 2000, Sanz-Ezquerro
and Tickle, 2003, Suzuki et al., 2008). The sequence of digit con-
densation varies among species and in the mouse, a preferred
animal model, it depends on the specific marker used (Boehm et
al., 2011). Overall, it can be considered that a first and basic level
in digit patterning is the generation of the digit-interdigit pattern
upon which a second level of patterning, the generation of digit
identities, is elaborated. It is clear that the number of digits corre-
lates with the size of the handplate so that processes that lead to
gain or loss of tissue in the handplate normally result in polydactyly
or oligodactyly respectively. The thickness of the digits can also
potentially impact the number of digits in a given-size handplate,
but variability in digit thickness is not a common phenotype. It is
also important to note that the final number of digits may not match
the number of initial condensations as some of them may regress
before forming the digit. For example, the apoptosis mediated
elimination of the pre-chondrogenic condensations is a recently
identified mode of evolutionary digit loss in mammals (Saxena et
al., 2017; Cooper et al., 2014).

The two major factors involved in the control of digit patterning
are the Hox genes and the Sonic hedgehog (Shh)/Gli3 pathway;
their function and interactions will be considered next.

Hoxd and Hoxa gene expression in limb development

Hox genes are an important family of master genes codifying
for transcription factors with functions in the control of the basic
body plan of bilaterian animals (Lewis, 1978). Most vertebrates
have 39 Hox genes that are organized in four clusters (HoxA, B, C,
and D). In tetrapods, two of these clusters, the HoxA and the HoxD
clusters, were coopted for the organization of limb morphology,
a secondary axis in the embryo (Spitz et al., 2001, Zakany and
Duboule, 2007). During limb development, similar to what occurs
in the main embryonic axis, members of these two clusters are



activated sequentially in time and space, following their genomic
position in the chromosome, a feature referred to as temporal and
spatial collinearity (Tarchini and Duboule, 2006).

The expression of Hoxa and Hoxd genes in the developing limb
is highly dynamic and specific for each cluster member. In the case
of the HoxD cluster genes, their expression is best understood as
occurring in two sequential and distinct waves that correlate with
the PD anatomy of the tetrapod limb morphology (Zakany and
Duboule, 2007) (Fig. 2). The correct morphology of the stylopod
and zeugopod depends on the first phase of expression of Hoxd
genes while the proper patterning of the digits, including their
identity, depends on their second phase of expression.

The first or early phase of expression starts in the emerging
limb bud and generates nested posterior-distal biased domains of
expression with Hoxd9to Hoxd11 showing the highest transcription
level. The second or late phase of expression starts in the auto-
pod and involves Hoxd10 to Hoxd13 with Hoxd13 displaying the
higher level of expression (Montavon et al., 2008). It is important
to note that, within each phase, the domains of the different Hoxd
genes show a clear AP component. In the first phase, the domain
of expression of more 5’genes is more posteriorly restricted and
included within that of most 3’ genes (nested domains) while in
the second phase the expression domains of Hoxd10, Hoxd11
and Hoxd12 show an anterior boundary coincident with the ante-
rior border of digit 2 while Hoxd13 crosses this limit spreading all
over the AP axis and therefore reversing the collinearity of the first
phase (Kmita et al., 2002, Montavon et al., 2008).

The HoxA cluster is the other Hox cluster involved in limb
development with 5’ located members exhibiting precise patterns
of expression in correlation with the limb segments (Boulet and
Capecchi, 2004, Davis et al., 1995, Fromental-Ramain et al., 1996,
Kmita et al., 2005). Curiously, although Hoxa 17 is initially expressed
in the distal region of the early limb bud from the elbow/knee dis-
tally, its distal expression fades concomitantly with the activation
of Hoxa13 in the autopod progenitors. As a consequence, the
expression of Hoxa11 becomes rapidly confined to the zeugopod
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making Hoxa11 and Hoxa13 the best markers for the two distal
segments of the limb, the zeugopod and autopod respectively
(Tabin and Wolpert, 2007).

Extensive research over the past decade has exposed the
complex regulatory landscapes that control Hox gene transcrip-
tion in the developing limb. The HoxD cluster is located at the
boundary between two topologically associating domains (TADs)
that contain the limb regulatory regions (Rodriguez-Carballo et
al., 2017). Transcriptional regulation during the early phase relies
on enhancers located telomeric to the cluster (T-DOM) while en-
hancers located centromeric to the cluster (C-DOM) govern the
second phase of expression (Andrey et al., 2013, Montavon and
Duboule, 2013, Montavon et al., 2011). The transition from the first
to the second phase, which displaces the transcriptional efficiency
towards genes located more 5’ in the cluster, requires the switch
between these two regulatory regions (Andrey et al., 2013). One
consequence of this switch is the emergence of a transverse band
of tissue devoid of Hoxd expression that separates the two phases
and that corresponds to the wrist/ankle.

Indeed, the analysis of several targeted mutations affecting
genes in the HoxD cluster soon demonstrated that structural
rearrangements of the genomic architecture had an impact in the
expression patterns of remaining Hoxd genes (Kmita et al., 2002,
Tarchini and Duboule, 2006). In most cases, the repositioning of
the transcriptional units with respect to the cis-regulatory regions
easily explained the alterations in expression patterns. However,
other mutations that did not carry significant genomic change also
had a strong impact in the expression of remaining Hox genes that
was not explained by alterations in cis-regulation. Specifically, the
removal of Hoxa13 or the joint removal of Hoxa13 and Hoxd13
resulted in the abolition of the biphasic expression of Hoxd genes
(Sheth et al., 2014, Woltering et al., 2014). The investigation of the
underlying molecular mechanisms showed that binding of Hoxa13
and Hoxd13 to the Hoxd regulatory domains was required to end
the T-DOM regulation and activate the C-DOM regulation therefore
governing the biphasic Hoxd expression (Beccari et al., 2016,
Sheth et al., 2016). Therefore, Hoxa13
and Hoxd13, the terminal products of the
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Fig. 2. Hoxd and Hoxa gene expression patterns during limb development.

in trans the transcriptional regulation of
Hoxd genes.

Similarly to Hoxd genes, the transcrip-
tion of Hoxa genes is also controlled by
a series of remote enhancers that are
dispersed over the genomic landscape
upstream of the cluster (Berlivet et al.,
2013). In addition, Hoxa13 and Hoxd13
proteins also play a major role in the
establishment of the mutually exclusive
expression domains of Hoxal1 and
Hoxa13. The activation of Hoxa13 in
the autopod progenitors, together with
Hoxd13, triggers the expression of a
Hoxa11-antisense leading to the repres-
sion of Hoxa11 from the Hoxa13 domain
(Kherdjemil etal., 2016, Sheth etal., 2014,
Woltering et al., 2014). Since, the forced
maintenance of Hoxa11 expression in
the autopod produces extra-digits, it is
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considered that the proximal restriction of Hoxa11 is a requisite
for the pentadactyl state (Kherdjemil et al., 2016).

The potential evolutionary implications of all these observa-
tions have been widely discussed. It is easily conceivable that the
progressive acquisition of Hoxa13 and Hoxd13 protein function
in the regulatory landscapes together with the acquisition of the
regulatory regions is at the root of the fin to limb transition. The
transcriptional regulation of Hox genes is a fascinating topic that
will be discussed in detail in other articles in this issue (Kherdjemil
and Kmita, 2018, Woltering et al., 2014).

Hox genes regulate digit number and morphology

The influence of Hox genes in the control of the growth and
morphological identities of the digits was already exposed with
the generation of the first Hox targeted mutations. Alterations in
digit number and morphology were a constant feature of the loss
of function of Hoxd13 and Hoxa13, the genes at the 5’ edge of
each cluster, and whose expression is characteristic of the autopod
(Fromental-Ramain et al., 1996). The removal of Hoxd13reduced
the thickness and length of the digit condensations and caused
polydactyly due to the presence of a postaxial slender extra digit
(Dolle et al., 1993). The additional deletion of Hoxd11 and Hoxd12,
the triple Hoxd11-13 deletion, produced a polydactyly phenotype
similar to human synpolydactyly (Zakany and Duboule, 1996). In
high contrast, the loss of function of Hoxa13, the only Hox gene
whose removal is embryonic lethal, resulted in oligodactyly with
the specific loss of digit 1, a phenotype that has not yet been fully
explained. Interestingly, the reduction of Hoxa13 gene dose from
the Hoxd13 or from the Hoxd11-13 null background exacerbated
the polydactyly although the complete loss of Hoxa13and Hoxd13
always led to digit agenesis possibly because of the interruption of
the chondrogenic program (Fromental-Ramain et al., 1996). From
these and other studies, it was inferred that 5’Hoxd genes tend
to reduce the number of digits while Hoxa genes predisposed to
increase the number of digits and that their progressive implementa-
tion through evolution could have contributed to the transition from
polydactyly to pentadactyly in basal tetrapods. The recruitment of
the Hoxa genes first could have promoted polydactyly while the
subsequent recruitment of Hoxd genes may have contributed to
stabilize pentadactyl (Zakany et al., 1997).

In addition, the analysis of multiple mutations with polydactyly
or oligodactyly, such as GIi3 and Grem1, uncovered the strong
correlation between the number of digits and the AP extension
of the second phase domain of Hoxd13 expression (Buscher et
al., 1997, te Welscher et al., 2002, Zuniga and Zeller, 1999). This
observation established the notion that an increase in the number
of digits required an expansion of the 5’Hoxd expression domains
in the autopod.

The level of expression of Hoxd genes also correlates with the
identity of the digits, in particular with the difference between the
most anterior digit (two phalanges) and the rest of the digits (three
phalanges). The precursors of digit 1 express a unique Hox code —
this being Hoxd13 but not Hoxd12 or Hoxd11 —and a much lower
dose of 5’Hoxd products than the rest of the digits (Montavon et
al., 2008). Alterations of this Hox code leads to changes in digit
1 morphology (Morgan et al., 1992). This unique Hox code has
been used to define the homology of the bird digits. The analysis of
Hoxd12and Hoxd13 expression in the chick wing showed that the

anterior most digit expresses Hoxd13 but not Hoxd12, consistent
with a digit 1 identity disregarding its embryonical formation in
position 2 (Towers et al., 2011, Vargas and Wagner, 2009, Wang
etal., 2011).

The zone of polarizing activity and the Shh/Gli3 pathway

Besides Hox genes, the Shh/Gli3 pathway is the other major
player in digit patterning. Indeed, the first clue on how digit forma-
tion might be controlled came from the discovery of the Zone of
Polarizing Activity (ZPA) (Saunders and Gasseling, 1968, Tickle,
2002). The ZPA is a group of mesodermal cells located at the
posterior border of the limb bud that has the amazing ability to
induce a mirrorimage duplication of the normal digital pattern when
transplanted to the anterior border of a host limb bud. Since the
ZPA lacks any morphological distinction, its spatial and temporal
localization was precisely mapped through grafting assays in the
chick embryo (Tickle and Towers, 2017, Zhu and Mackem, 2017).

Two features were clearly salientinthe limb phenotypes resulting
from anterior ZPA grafts: (i) the extra growth that led to handplates
much wider than normal and, (ii) the control of AP asymmetry, as
indicated by the mirror image duplications. Therefore, the ZPA
was clearly recognized as the primary organizer of the AP axis
in the amniote limb bud regulating both growth and digit identity.

The best interpretation of the function of the ZPA, particularly
regarding patterning, came from the Positional Information (French
Flag) model devised by Lewis Wolpert (Wolpert, 1969). This model
posits that the ZPA produces a molecule, the morphogen, that
spreads and creates a concentration gradient across the limb bud.
The cellsinthe limbfield are capable of reading the concentration of
the morphogen and differentiate accordingly (Wolpert, 1969). After
more than two decades of arduous search for the ZPA emanating
morphogen, finally in 1993 it was identified as being Shh (Riddle et
al., 1993). Shh, a potent signaling molecule with critical functions
during development and homeostasis, was shown to elicit all ZPA
properties indicating that it was the sole molecule responsible for
ZPA function (Riddle et al., 1993) (Lopez-Martinez et al., 1995).

Although outside of the scope of this review, it is worth mention-
ing that the production and secretion of Shh are highly regulated
processes that involve the post-translational modification of the
ligand including the proteolysis of the full-length molecule and the
addition of cholesterol and palmitate residues to the C-terminal and
N-terminal extremes respectively. The lipidic modifications raised
doubts on whether such molecule could freely diffuse through the
aqueous extracellular milieu but, there is compelling evidence
supporting the diffusion of Shh protein away from the ZPA and
establishing a gradient across the AP axis (Chen et al., 2004a,
Gritli-Linde et al., 2001, Lewis et al., 2001, Li et al., 2006, Yang et
al., 1997). It is currently accepted that Shh long-range signaling
predominantly relies on specialized filopodia called cytonemes
that connect distal cells (Kornberg, 2014).

The principal transducers of Shh signaling are the three mem-
bers of the Gli family of zinc finger transcription factors, Gli1, Gli2,
and Gli3, of which Gli3 is the most relevant for limb development
(Hui and Joyner, 1993, Litingtung et al., 2002, Lopez-Rios, 2016,
Schimmang et al., 1992, te Welscher et al., 2002). Gli3 is a com-
plex transcription factor containing several functional domains,
among them an N-terminal transcriptional repressor domain and
two C-terminal transcriptional activation domains (Hui and Angers,



2011). In the absence of Shh signaling, Gli3 protein is cleaved to
produce a shorter N-terminal form that functions as a strong tran-
scriptional repressor (Gli3R) (Wang et al., 2000). In the presence
of Shh signaling, Gli3 processing is prevented and the full-length
Gli3 functions as a weak transcriptional activator. The involvement
of Shh signaling in the processing of Gli3 results in the genera-
tion of an intracellular gradient of Gli3R opposite to that of Shh
with maximum level in the anterior limb bud (Bastida et al., 2004,
Litingtung et al., 2002, Wang et al., 2000).

In humans, mutations in the GLI3 gene are responsible for
several syndromes, conjointly referred to as GLI3 morphopathies,
all of them displaying malformations of the autopod including poly-
dactyly and syndactyly. Thus, Gli3 is considered a major genetic
cause of polydactyly (Biesecker, 2006, Demurger et al., 2015, Hui
and Angers, 2011).

Multiple interactions between Hox genes and the Shh/
Gli3 pathway

Hoxgenes and the Shh/Gli3 pathway are highly interconnected.
Actually, the initiation of Shh transcription requires the first phase
of expression of the 5’Hoxd genes (Tarchini et al., 2006, Zakany
et al., 2004). Hox proteins bind to the Shh limb specific enhancer
to synergistically activate Shh transcription (Capellini
et al., 2006, Kmita et al., 2005). Moreover, misexpres-
sion of Hox genes at the anterior border also causes
ectopic Shh activation (Charite et al., 1994, Knezevic
et al., 1997).

Once Shhexpressionis on, itis in turn necessary for
the establishment of the second phase of Hoxd expres-
sion (Chiang et al., 2001, Kraus et al., 2001, Ros et al.,
2003). The Shh-dependent activation of Hoxd genes is
mediated by relieving the repression exerted by Gli3R
(Vokes et al., 2008) (Lewandowski et al., 2015). In the
absence of Gli3, as in the extratoes (Xt) spontaneous
mutation in mice, the autopod is characterized by a
prominent uniform AP expansion of Hoxd expression
without a noticeable change in Shh expression. As in
human, the mouse Gli3 mutant displays multiple abnor-
malities including a severe polysyndactyly of 7-8 digits
with no clearidentity (Huiand Joyner, 1993, Schimmang
etal., 1992). This is consistent with Gli3R restricting the
expression of 5’Hoxd genes to the posterior mesoderm,
a function that is modulated by its interaction with the
5’Hoxd products themselves. It has been shown thatthe
physicalinteraction between Gli3R and Hoxd12 changes
the repressor activity of Gli3R into an activator and that
it is the balance between Gli3 and 5’Hoxd products
that controls digit patterning (Chen et al., 2004b). This
circumstance adds an additional level of complexity to
the interaction between Hox genes and the Shh/Gli3
pathway and therefore to the control of digit patterning.

wild type

Gli3 mutant

5’Hox;Gli3 mutant

The Shh/Gli3 pathway and Hoxgenes as genetic
causes of polydactyly
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that was considered the cause of the polydactyly (Buscher et al.,
1997, Chan et al., 1995, Masuya et al., 1997, Masuya et al., 1995).
It was assumed that the ectopic source of Shh would cause the
ectopic activation of 5’ Hoxd genes and therefore the polydactyly.

To test this assumption and revert the Gli3polydactyly, Shhwas
removed from the Gli3null background but, to the general surprise,
double Shh;Gli3mutantembryos were phenotypically indistinguish-
able from Gli3mutants, arguing that Shh was not necessary for the
Gli3 polydactyly (Litingtung et al., 2002, te Welscher et al., 2002).
Double mutant limb buds retained the anterior upregulation of Hox
genes reinforcing their implication as the cause of the polydactyly,
and consistent with Gli3R exerting a potent negative effect on their
expression. The double Shh;Gli3 mutant clearly denoted that Shh’
major function was to control the production of Gli3R.

To directly determine the involvement of 5’Hoxd genes in the
polydactyly, several experiments were conducted to remove or
attenuate Hox function in the Gli3 null background (Sheth et al.,
2007, Sheth et al., 2012, Zakany et al., 2007). Again contrary to
the expectations, the removal of the complete HoxD cluster or the
removal of the more 5’Hox genes (Hoxd11-13 or Hoxa13) neither
restored pentadactyly nor even reduced the GIi3 polydactyly.
Indeed, the compound genotypes either unchanged (Zakany et
al., 2007) or exacerbated the Gli3 polydactyly (Sheth et al., 2007,

S .
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S digits

-— -

digit period

9 digits

12 digits

Fig. 3. Schemes representing the outline of E11.5 wild-type (WT, top), G/i3 mutant
(middle) and 5’Hox;Gli3 mutant (bottom) autopods with the expression of Sox9
in the digit condensations depicted in purple. /n each autopod, one proximal and

one distal anterior posterior curved profile have been traced. The intensity of Sox9 ex-

The molecular analysis of several mouse polydacty-
lous mutants, including Xthomozygous limbs, revealed
an ectopic spot of Shh expression at the anterior border

pression along each of these two profiles is represented on the right in which the digit
period or wavelength can be appreciated. Note the effective proximo-distal increase
of the digit wavelength in the WT and Gli3 mutant but not in the 5'"Hox;Gli3 mutant.
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Sheth et al., 2012). Remarkably, the removal of the three most
5’Hoxd genes plus one copy of Hoxa13 (Gli3-/-; Hoxd11-13-/-;
Hoxa13+/-) produced autopods of 12-14 identical digits, the most
severe polydactyly reported to date (Fig. 3). Thus, in the absence
of Gli3, the progressive reduction in posterior Hox gene function
led to a progressively increase in digit number supporting the
conclusion that the dosage of 5’ Hox genes negatively correlated
with the number of digits (Sheth et al., 2012). In addition, these
results clearly showed that the gain of 5’ Hoxd expression was not
required for the formation of extra-digits in the G/i3 mutant limb.

Importantly, the increase in digit n umber in the above mentioned
mutants did not associate an increase in the size of the handplate
but rather relied on thinner and more densely packed digits (Fig.
3). Thus, 5’Hox genes somehow modulate, in a dose dependent
manner, the digit spacing or digit period and therefore the number
of digits in a given space (Fig. 3). In addition, the phenotypes of
the Gli3; Hoxd11-13; Hoxa13 allelic series consisting of regularly
spaced digits the number of which within a similar space could
change (according to the Hox gene dosage) pointed to a subja-
cent self-organizing reaction-diffusion or Turing-type mechanism
(Sheth et al., 2012).

A Turing-type model for digit-interdigit patterning

Turing or reaction-diffusion models are notorious for producing
periodic patterns (Gierer and Meinhardt, 1972, Kondo and Miura,
2010, Maini and Solursh, 1991, Meinhardt and Gierer, 2000, New-
man and Bhat, 2007, Newman and Frisch, 1979, Turing, 1952).
They are based on two molecules or chemicals, the activator and
the inhibitor, that interact between them at the same time that they
diffuse in a field of cells. The activator activates the production of
the inhibitor and of itself, while the more rapidly diffusing inhibitor
inhibits its production as well as that of the activator. With these
conditions, the minimal oscillations inherentto biological processes
are sufficient to generate periodic patterns, commonly stripes or
spots, characterized by a particular spacing or wavelength (Econo-
mou and Green, 2014, Marcon and Sharpe, 2012).

Reaction-diffusion models had already been considered to
explain digit patterning and the limb was one of the first develop-
mental systems to be modeled using a Turing’s simple model (Ede
etal., 1977, Newman and Frisch, 1979, Wilby and Ede, 1975). One
indication that the digits may be generated via this mechanism was
the ability of a cluster of randomized limb progenitor cells to self
organize, in the absence of the ZPA, and generate symmetrical
identical digits (Ros et al., 1994). Another indication in this direction
was the periodic pattern of spots obtained in micromass cultures
of the limb bud cells, a well-established in vitro model of chondro-
genesis (Christley et al., 2007, Newman, 1996).

With the use of mathematical and computational approaches,
a Turing-type model was devised that could account for normal
and Gli3;Hox mutant digit patterning (Sheth et al., 2012). The
Turing mechanism generates a periodic wave with a specific
wavelength that defines the digit spacing or digit period. Given
the fan shape of the handplate, during normal development, the
wavelength needs to be scaled along the PD axis to maintain a
constant number of digits and prevent digit bifurcations (Fig. 3).
To fulfill this requirement the model considers the PD gradient of
Fgf signaling and the level of 5’Hox product to both modulate the
wavelength. Taking this into consideration, the simulations of the

reaction-diffusion model successfully reproduced the polydactylous
patterns of Gli3;Hox double and triple mutants including the short-
ening and distal displacement of the digit forming region (Sheth et
al., 2012). Further studies designed to determine the molecules
involved in the Turing system, identified Bmps, Sox9 and Wnt as
the core network molecules of a substrate—depletion type model,
termed the BSW model (Raspopovic et al., 2014). Alternative
models have considered Galectin1a-Galectin8, Transformig growth
factor beta2 and the Bmp-receptor interactions as the core mol-
ecules in other Turing based models (Badugu et al., 2012, Glimm
et al., 2014, Miura and Shiota, 2000, Newman et al., 2018). The
different Turing-type models so far devised for digit development
may coexist and overlap to a greater or lesser degree as well as
coordinate with the signaling and other processes concomitantly
occurring in the autopod.

Recently the Hox function in controlling the digit wavelength has
been questioned (Hiscock et al., 2017). As explained above, due to
the function of Hoxa13 and Hoxd13 in the transcriptional regulation
of Hoxd genes, the reduction in their genetic dosage associates a
delay in the onset of the second phase of Hoxd gene expression
and, therefore, a distal displacement of the digit-forming region
(Fig. 3) (Sheth et al., 2014). Because of the semicircular shape of
the handplate, the distal displacement entails an increase inthe AP
extent of the digit-forming region that would explain an increase in
the number of shorter digits without the need of a reduction in the
wavelength. However, the quantification of the mutant phenotypes
showed that this increase was not sufficient to accommodate the
12-14 digits observed in some of the Gli3;Hox mutants unless
there is a concomitant reduction in the wavelength that actually
occurs (Sheth et al., 2012). Further studies are required to better
understand the spatial and temporal details of the Turing mecha-
nism as well as the molecules involved.

Digit identity

Once the basic digit/interdigit pattern has been established,
the digital rays continue elongation with the formation of the cor-
responding phalanges and joints eventually attaining their identity.
It was first shown in the chicken leg that digit identities were labile
and susceptible of being modified until very late stages as their
morphogenesis depends on continuous signaling, most probably
BMP signaling, from the posterior interdigit (Dahn and Fallon,
2000, Sanz-Ezquerro and Tickle, 2003, Suzuki et al., 2008). The
chick leg is an ideal system for the study of digit identity because
it has four digits with readily identifiable identity as they maintain
the ancestral phalangeal count (2-3-4-5 from digit 1 to 4). Lineage
tracing analysis showed that the phalanges sequentially derived
from the Phalange Forming Region (PFR), a crescent-shaped
area at the tip of the digits where progenitors proliferate under
AER influence. Subsequent studies showed that phalanges and
interzones were coordinately specified in the PFR under signaling
fromthe posterior interdigital space whichin turnis controlled by the
balance between Gli3 and 5’Hoxd products (Huang et al., 2016).

It has been suggested that the PFR may function as a digit
organizer from the base of the metacarpals/metatarsals and form
as the result of a Turing-like mechanism (Hiscock et al., 2017). This
notion implies that the PFR or digit organizer is undistinguishable
from the initial digit condensation and responsible for further digit
growth. However, as originally identified, the PFR is the area of



increased phospho-SMAD 1/5/8 staining at the tip of an already
formed digit condensation and therefore a relatively late element
(Suzuki et al., 2008). Whether the PFR can be equated with the
initial digit condensation requires further studies to understand the
sequence of involved events from the initial condensations to the
final digit morphologies.

Summary

Digit patterning starts shortly after the specification of the auto-
pod with the establishment of the periodic digit-interdigit pattern.
Currently, this patterning is best understood as the result of a
Turing-type self-organizing process that defines the spacing be-
tween consecutive digits or wavelength. The details of the Turing
type mechanism and its network core molecules are just beginning
to be known. The features that give distinct identity to each digit,
such as the number of phalanges, are elaborated upon this basic
pattern although they may have been specified much earlier.

The Shh/Gli3 pathway together with the 5’Hox genes are the
major regulators of digit patterning and they both are involved in
early and late patterning events in an interconnected manner. The
Shh/Gli3 pathway is highly involved in the control of progenitor cell
proliferation controlling anterior-posterior expansion of the autopod
and determining the size of the handplate and the domain of 5’Hoxd
gene expression. It is clear that there is a link between early AP
patterning in the limb bud and later digit morphogenesis but how
this connection is propagated through development and integrated
with other patterning events requires further investigation.
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